The low-energy magnetic excitation from the highly Ca-doped quasi-one-dimensional magnet SrCa 13 Cu 24 O 41 was studied in the magnetic ordered state by using inelastic neutron scattering. We observed the gapless spin-wave excitation, dispersive along the a and c axes but nondispersive along the b axis. Such excitations are attributed to the spin wave from the spin-chain sublattice. Model fitting to the experimental data gives the nearest-neighbour interaction J c as 5.4 meV and the interchain interaction J a = 4.4 meV. J c is antiferromagnetic and its value is close to the nearestneighbour interactions of the similar edge-sharing spin-chain systems such as CuGeO 3 . Comparing with the hole-doped spin chains in Sr 14 Cu 24 O 41 , which shows a spin gap due to spin dimers formed around Zhang-Rice singlets, the chains in SrCa 13 Cu 24 O 41 show a gapless excitation in this study. We ascribe such a change from gapped to gapless excitations to holes transferring away from the chain sublattice into the ladder sublattice upon Ca doping.
Introduction
The dimensionality of a spin system is one of the most important characters for its underlying physics. Most of the three-dimensional (3D) Heisenberg magnetic systems can be well described by the linear spin-wave theory (LSWT), which was developed decades ago 1 . Upon reducing a magnetic system from 3D to two or one dimensions (2D or 1D), quantum fluctuations will be substantially enhanced, which consequently results in various intriguing and exotic physical phenomena. 2 The theoretical work by Bethe more than 80 years ago predicted that the S = ½ antiferromagnetic
Heisenberg chain cannot form a long-range magnetic ordering due to strong quantum fluctuations. 3 A domain-wall-like spin excitation called "spinon" was proposed later, which has been experimentally confirmed in various real magnetic systems. Unfortunately, except for the S = ½ spinchain case, no exact analytical solution like Bethe's work has been developed for other 1D
antiferromagnetic Heisenberg spin systems. However, numerical methods were widely employed to study the ground states of more complicated 1D systems, 4 such as 1D spin chains with S > ½ and spin ladders with even/odd legs 5 , and successfully predicted their ground state and dynamic behaviours.
As the simplest case of a 1D spin system, Cu 2+ (S = ½) spin chains are extensively investigated due to their close relationship with the cuprate high-temperature superconductors. 5 CuO 2 chains can be divided into two classes, corner-sharing spin chains and the edge-sharing spin chains. The former are building blocks of cuprate superconductors and spin ladders. In corner-sharing CuO 2 chains, the exchange interaction between the nearest neighbours (NN) comes from the super-exchange through the ~180 o Cu-O-Cu pathway. 6 Such an interaction is experimentally demonstrated to be quite strong, ranging from 100 meV to 160 meV. 7 In contrast, the NN exchange interaction along edge-sharing spin chains is much weaker due to the ~90 o Cu-O-Cu pathway. [8] [9] [10] The limited examples of edgesharing cuprates share fewer common features due to the sensitivity of the interaction on the Cu-OCu bond angle. 10 Both ferromagnetic and antiferromagnetic interactions have been reported for this case.
9, 11-13 Sr 14-x Ca x Cu 24 O 41 is a quasi-1D S = ½ magnetic system, involving both corner-sharing and edge-sharing CuO 2 spin chains. 14 The corner-sharing spin chains form two-leg spin ladders, as shown in Fig. 1(a) .
Therefore, this series of compounds can be considered to be a very good playground for studying the physics of these two different 1D/quasi-1D magnetic systems. The other two special properties of this series make it more attractive to physicists. Firstly, this compound becomes superconductive under external pressure and by substituting Ca on the Sr site. 15 Bearing in mind though, it has no CuO 4 square plackets in this compound like other superconducting cuprates, but spin chains and spin ladders. Secondly, this system is intrinsically doped with holes, which can be driven back and forth 3 between the chains and the ladders by simply controlling the doping level of Ca. 14 Therefore, one is not only able to study the superconducting mechanism of the spin ladder, but also able to investigate the physics of hole-doped or undoped spin chains/ladders simply by controlling the Ca content. Furthermore, the relationships or interactions between these phenomena are more complicated topics to be addressed.
A recent study by some of us showed how the incommensurate structures of the Sr 14- The Sr 14-x Ca x Cu 24 O 41 series is formed by stacking the spin-ladder ( Fig. 1(a) ) and spin-chain ( Fig. 1(b) and (c)) sublattices along the b axis. 14 The ladder units and spin chain units are incommensurate along the c axis. These two sublattices demonstrate quite different physics, such as spin dimerization, 19 superconductivity, 15 charge crystallization, 20 charge transfer, 14 and so on, which are remarkably changed by Ca doping, too. Here we will briefly introduce them separately in support of the further discussion in this study.
(A) Spin Ladder
According to the theory 5 , even-leg half-spin ladders are gapped spin systems no matter the ratio of J R /J L , where J R is the interaction along the rungs and J L is the interaction along the legs (see Fig. 1(a) ).
In the case of J R /J L >> 1, the spins on each rung form a singlet dimer, which is the ground state of an even-leg spin-ladder system. As proposed by Dagotto and Rice, 5 by lightly doping an S = ½ even-leg spin-ladder system with holes, one could expect d-wave superconductivity with a spin gap in this ladder due to hole pairing along the rungs, as shown in Fig. 1 From this point of view, disclosing the superconducting mechanism in spin ladders undoubtedly helps to improve our understanding of the superconductivity in 2D cuprates. 5 The spin ladder in Sr 14-x Ca x Cu 24 O 41 attracts much more attention than the spin chain because the former was suggested to be the platform of the observed superconductivity in the highly Ca-doped compounds. 21 In the parent compound, Sr 14 Cu 24 O 41 , a strong spin-gap excitation was observed by using inelastic neutron scattering, 16, 22 indicating J L >J R in the parent compound. Correspondingly, no superconductivity was observed under external pressure up to 6.5 GPa,5 superconductivity of highly Ca-doped compounds at ~ 3 GPa 23 or even lower uniaxial pressure 24 . So far, there is no solid theoretical understanding why the isovalent doping with Ca changes the superconductivity of this series of compounds.
Ca-doping extensively changes the physics of the ladder sublattice, which may induce superconductivity theoretically predicted. First of all, holes transfer to the ladder sublattice, which makes hole pairing possible as described in the theory. Secondly, we confirmed that the spin gap, which is the driving force for the hole pairing, still exists at ~ 32.5 meV in highly Ca-doped compounds. 17 The high pressure could play another critical role in changing the ratio J R /J L from less than 1 to larger than 1 by distorting the lattice even though our previous measurement of the spin gap under a hydrostatic pressure of 2 GPa was inconclusive due to the challenges of the experiments. 25 These facts indicate that Ca-doping play critical role in the superconductivity in this spin ladder system, just as the theory predicted.
(B) Spin Chain
The spin-chain sublattice of Sr 14-x Ca x Cu 24 O 41 consists of edge-sharing CuO 2 squares, as shown in Fig. 1 (b) and (c), which are separated from the spin ladder by the layer of alkaline-earth cations. 14 In the parent compound, the spin chains look like wrinkled ribbons running along the c axis, in which the Cu-O bond length varies over a quite large range due to the incommensurate modulation of the crystal structure. Such a modulation is strongly suppressed in the highly Ca-doped compounds. The wrinkles on the spin chain seem to be 'ironed' into much flatter ones compared with those in the parent compound. at low temperature (see Fig. 1(b) ), in which the two Cu 2+ spins couple antiferromagnetically. 18 Consequently, such a spin-chain system undergoes into a singlet dimer ground state 18 , which is a kind of spin-liquid state with short-range interactions but no long-range magnetic ordering. The chain contribution to the susceptibility shows a broad peak at ~ 80 K, 19 which corresponds to the singlet-triplet excitation of the spin dimers.
Increasing Ca content in Sr 14-x 
Experiment
The single-crystal sample of SrCa 13 Cu 24 O 41 for the inelastic neutron scattering experiment was grown by using the travelling-solvent floating-zone technique in an imaging furnace with a high oxygen pressure (~ 32 bar). 27 For the experiment on the time-of-flight (TOF) spectrometer PELICAN 28 at OPAL, the single crystal was aligned in the bc plane using by the neutron Laue camera JOEY. 29 
Results and discussions
The TOF data of SrCa 13 Cu 24 O 41 at 1.5 K are presented in Fig. 2 . Fig. 2 (a) and (b) show the energy excitation in an energy window from 0.5 to 2.0 meV in the Q K -Q L plane and the dispersion along the Q L direction in the energy range from 0 to 2.5 meV, respectively. These two figures are directly cut from the 3D plot showed in Fig. 2 (c) . From the 3D plot, we can clearly identify the inelastic excitation running along all Q K at Q L = 3 r.l.u. (reciprocal lattice unit), which corresponds to the horizontal stripe of high intensity at Q L = 3 r.l.u. in Fig. 2 (a) . This stripy excitation should be attributed to its nondispersive feature along the Q K direction. Viewing in the Q L -E plane in Fig. 2 (b) , the apparent broadening of this excitation peak at higher energy transfer indicates its dispersion along the Q L direction. Further cuts at various energy transfers of Fig. 2 (b) generate the constant energy curves shown in Fig. 2 (d) . The fitting to these curves indicate that the excitation peak gradually splits into two peaks when increasing the energy, which confirms the dispersion of this excitation along Q L . All these excitation features disappeared at a raised temperature of 50K (not shown here) except the strong signal observed around (040) (see Fig2 (a) ). Therefore, we safely attribute the stripy excitation to the spin wave excitation of the magnetic ordered state, but the excitation near (040) to the phonon excitation. Due to the limited energy-transfer range covered by PELICAN at this configuration, the top of the excitation could not be observed. Within the good energy resolution (~0.135meV) of the current setup, the excitation did not show any energy gap at the zone centre, suggesting a gapless excitation. In order to measure the magnetic excitation in detail, we carried out inelastic neutron scattering experiments on the cold-neutron triple-axis spectrometer SIKA with a fixed final energy of 5 meV.
The results are presented in Fig. 3, 4 and 5. The spin chains in SrCa 13 Cu 24 O 41 run along the c axis of the crystal. The interaction along this direction is supposed to be the strongest and most important for the determination of the dynamic behaviour of the spin chains. Therefore, we present the dispersion of the magnetic excitation along the c axis first. Fig.3 (a) clearly shows an intense excitation peak measured along the Q L direction with a constant energy transfer of 0.5 meV at 1.5 K.
The peak completely disappeared at 100 K, which confirms its magnetic origin. On increasing the energy transfer, the central peak gradually broadens and splits into two peaks while the intensity drops. Above an energy transfer of 2meV, the two peaks are clearly resolved and well separated.
This result is consistent with the constant energy cut at 2meV from PELICAN in Fig. 2(d) . The asymmetrical shapes of the two peaks are not only due to the instrument resolution, but also due to the inclined background at small scattering angles. The background increases at higher energy transfers. Near the zone boundary, an energy scan was conducted with an extended counting time. shows the comparison of the intensity of the peak at Q L = 3 r.l.u. and the background intensity at an off-peak position Q L = 2.5 r.l.u. The intensity of the peak at lower Q K is slightly higher due to the decrease of the magnetic form factor at higher Q values. The data indicate that there is no dispersion along the Q K direction. These results agree well with the stripy feature along the Q K direction observed on PELICAN (see Fig. 2(a) and (c) ).
The spin chains lie in the ac plane, in which the interaction between the neighbour chains is another important dynamic factor which determines the dimensionality of this spin-chain system. Our Considering the intralayer interactions, there are several possible interactions, such as J c , J ac1 , J ac2 and J a , as shown in Fig. 1(c) . Ignoring the single-ion anisotropy and taking in-plane intrachain and interchain interactions into account, the Heisenberg Hamiltonian of the spin-chain system in SrCa 13 Cu 24 O 41 reads as follows:
Eq. (1) where J ij includes J c , J ac1 , J ac2 and J a in Fig. 1(c) Eq. (2) where S is the moment size, q H and q L correspond to the reciprocal lattice units along the a* and c* directions.
We have tried many different combinations of the different exchange interactions in the model above to fit the experimental data. Finally, it was found that the experimental data cannot be well 24 O 41 is that the former has a gapless excitation while the latter has a gapped excitation. The former one propagates in the magnetic lattice of the spin chain, especially along the chain, while the latter is nearly localized.
In conclusion, we studied the low-energy excitation spectrum from the magnetic ordered state of 
